Abstract. Measurements of DC magnetron sputter deposited superconducting aluminium-oxide (Al O x ) thin films at microwave frequencies and milli-Kelvin temperatures are presented. We show that, by precise control of the reactive sputter conditions, a high room temperature sheet resistance and therefore high kinetic inductance at low temperatures can be obtained. For a thin film coplanar waveguide resonator with 1.5 kΩ sheet resistance, we measure a maximal quality factor in the order of 700 000 at 20 mK. Furthermore, it is observed that the sheet resistance can be reduced by gentle heat treatment of the thin films. This behavior is exploited to study the kinetic inductance change of a coplanar wave guide resonator fabricated from aluminium oxide. We find the correlation between the kinetic inductance and the sheet resistance to be in good agreement with theoretical expectations.
Introduction
The fabrication of superconducting devices with a high kinetic inductance has been an active research topic in the past two decades [1] . These devices include compact resonator structures [2] , superconducting low-frequency [3] and microwave particle detectors [4] and are among others aspects a mandatory ingredient for quantum phase slip devices [5, 6, 7, 8] . On a more fundamental side, materials with a high kinetic inductance allow for studying quantum phase transitions [9, 10] . In this paper, we explore a new possibility of using metallic aluminium oxide (AlO x ) for obtaining a high kinetic inductance. This material has been researched as a granular superconductor since the late 1960's [11, 12] until now [13] . Structural properties and growth conditions of thin AlO x films made by thermal evaporation [14] have been studied, however their high kinetic inductance was not of interest. These films have been prepared by adjusting a low oxygen partial pressure during thermal evaporation of pure aluminium, controlling the evaporation rate. By employing this method, the electrical sheet resistance can be varied on a scale from low ohmic and metallic (superconducting at low temperature) to very high ohmic and electrically insulating. To obtain superconductivity, the normal state sheet resistance R n should be below the quantum resistance R q = h/4e 2 = 6.45 kΩ [15, 16] .
For functional devices with a large kinetic inductance, the film quality and R n reproducibility in the sub R q range are key aspects. We have focused on controlling these parameters by employing a reactive DC magnetron sputtering process for the metallic AlO x films. Below we discuss the R n dependence on thermal annealing and study a microwave coplanar waveguide resonator at mK temperatures made of AlO x .
Theoretical background
Similarly to an argumentation found, e.g. in Refs. [17, 18] , the kinetic inductance L kin of a superconducting wire can be derived using the BCS theory. In the low frequency limit (hf k B T ), the Mattis-Bardeen formula for the complex conductivity in the local, dirty limit can be written in terms of the ratio of the imaginary conductivity σ 2 to the normal state conductivity σ n
where ∆(T ) is the superconducting energy gap. Using the BCS relation ∆(0) = 1.76k B T c the expression simplifies at temperatures much below T c to σ 2 /σ n = π∆(0)/hf = 1.76πk B T c /hf . The imaginary component of the impedance is due to kinetic inductance L kin = 1/2πf σ 2 . At T T c the total kinetic inductance L kin,tot of a wire with the length l and the width w can then be written as the product of the sheet inductance L kin and the number of squares N = l/w
where R n = 1/σ 2 is the normal state sheet resistance. We use a coplanar waveguide (CPW) resonator made from AlO x at T T c to obtain L kin by measuring the resonance frequency. These data will be compared with L kin evaluated from the sheet resistance. Neglecting the frequency shift induced by the coupling capacitors, the resonance frequency of a λ/2 CPW resonator is given by
where n is an integer harmonic number. The center conductor inductance L and the capacitance of the center conductor to ground C are per unit length. L constitutes of L m + g kin L kin , the sum of the "geometric" or "magnetic" inductance L m and the kinetic inductance L kin . The factor g kin = αN/l = α/w is discussed in section 4.4, where α is in the order of unity. Using the conformal mapping technique, L m and C are analytically found to be
where K is the complete elliptic integral of the first kind with the moments k = w/(w + 2s) and k = (1 − k 2 ) and s being the distance between the center conductor and ground [19, 20] , see also Fig. 5 .
Sample fabrication and resistance measurements
The CPW resonators are fabricated in three steps, first, a 20 nm AlO x thin film is grown by DC magnetron sputter deposition on to an intrinsic or SiO 2 passivated 20 × 20 mm Si substrate, details of this process are given below. The second step employs optical lithography to define the resonator structures on top of the AlO x thin film. Here we use the common 1 µm thick Clariant AZ-5214E optical resist and an UV-light mask aligner. The optical resist pattern is subsequently used as etch mask in a Cl/Ar 10:1 ICP/RIE plasma at 200 / 100 W etch process for 95 s. After that, the resist mask is removed and the substrate diced into 5 × 5 mm 2 chips.
Reactive DC sputter process
A common way of growing metallic AlO x thin films [11, 12, 13, 14] employs the thermal evaporation of aluminum in an oxygen atmosphere at about 1.0 × 10 −5 mbar pressure. Our initial experiments with a thermal e-beam evaporator and this technique showed an insufficient reproducibility of the sheet resistance at a given partial pressure of oxygen, especially for consecutive evaporations in the same chamber and with the same aluminium source. As a main reason for this, we identified the oxygen contamination of the hot, electron beam heated aluminium source. This limitation we overcome by using an Ar plasma DC or pulsed DC magnetron sputtering process. Here, the source is usually water cooled and it getters the injected oxygen ions only at the "cleaned" surface.
We employ a home-made two-chamber sputter tool, having a base pressure of < 6 × 10 −8 mbar, with three 2" sputter targets, one equipped with 6 N purity Al. Prior to the sputter deposition, the samples are cleaned in the load lock using an RF Ar plasma for 2 min at a power of 20 W, mainly to remove water from the surface. Vital for reproducible results is the cleaning of the sputter target in the main chamber, which we do for at least 5 min in a pure Ar plasma at 100 W power. The reactive sputter process then started by injecting 2.5 sccm Ar/O 2 9:1 mixture using a 10 sccm mass flow controller into the main chamber. The reactive plasma is stabilized at 100 W power and Ar flow of ∼40 sccm for approximately 1 min before a shutter is opened and the film is grown on a ∼60 rpm rotated sample for 3.5 min (rate = 5.7 nm/min). We found the stability and resolution of the mass flow controllers as well as the pressure control to be important for reproducible results. The above parameters for the sputter process gave good results. Furthermore, we found several combinations of DC sputter powers and Ar/O 2 gas flow / pressure yielding similar results. The target sheet resistance of metallic AlO x depends on the amount of implanted oxygen in the film [11, 12, 14] and, therefore, the ratio of the growth rate to the oxygen partial pressure. Our sputter tool lacks a direct measurement of the growth rate e.g. through a quartz crystal monitor. Therefore, we use the Ar partial pressure as a control parameter and keep the oxygen partial pressure constant. We are interested in the sheet resistance value range from 0.1 to 10 kΩ. In this range, the process parameters for R n are well described by the following empirical formula R sq = R 0 +R exp[(P −P off )/P 0 ] with P the Ar partial pressure. Least square fitting of data of various samples, see Fig. 1 , yields to R 0 = 0.5 kΩ, R = 0.11 kΩ, P 0 = 0.52 × 10 −3 mbar, keeping P off fixed to 8 × 10 −3 mbar. Not included here is a linear shift in the sputter conditions due to the target erosion, corrected over larger time scales. This shift was evaluated experimentally by using a test sample, prior to the deposition of the main samples. The effective thickness of the AlO x films varies only by a few per cent, AFM measurements showed variations of less then 2 nm for a 20 nm film thickness.
It should be pointed out that using the described technique, in spite of the very sharp transition of AlO x from a metallic to an insulating state, we were able to reach the targeted sheet resistance with an uncertainty of better than ±0.5 kΩ. This accuracy is sufficient for many applications employing highly resistive AlO x .
To confirm the intrinsic nano-granularity and grain size of the AlO x films, we have taken transmission electron microscope (TEM) images of a film with a sheet resistance of about 2 kΩ, see Fig. 2 a) . Clearly visible are diffraction patterns from 4 nm grains embedded in a matrix connecting the grains. The Fourier analysis of the TEM image (compare also Ref. [14] ) reveals, among a continuos region, diffraction pattern rings with a lattice constant of 0.23 nm and 0.20 nm corresponding to lattice spacings of aluminium in (1,1,1) and (2,0,0) direction [14] . We can therefore assume that the grains consist of pure Al and the AlO x formed in the intermediate matrix, as it has been observed earlier [14] for thermally evaporated AlO x films. • C) with a sheet resistance of the order of 1 kΩ is shown. The average grain size determined from the AFM image is about 22 nm. Note the different scale of the TEM and AFM images.
Heat treatment of AlO x films
Patterning of AlO x films by optical or e-beam lithography requires several steps during which certain heat treatment of the films is unavoidable. Heat treatment by itself provides a convenient method of adjusting sample parameters after thin film processing. Therefore, we studied the dependence of R n on thermal annealing for various AlO x films grown on Si and SiO 2 substrates. Similarly to the lithography steps, we annealed the films on a preheated hotplate for several minutes and measured the film resistance after the samples have been cooled down to room temperature. Figure 3 shows the annealing time dependence of R n for 20 nm thick AlO x films annealed at a temperature of 250
• C. After a very steep decrease on the time scale of seconds, the sheet resistance R n enters a plateau value at 400 − 500 s and changes only marginally for longer annealing times. A similar behavior of the mechanical properties has been observed for bulk aluminium and aluminium-alloy samples, though on a timescale of hours [21] . • C, overlaid are simple exponential decay curves as a guide to the eye. After ≈ 400-500 s the sheet resistance enters a plateau value and does only change very slowly with increased annealing time. The inset shows the same data on a logarithmic time scale. Figure 4 shows the dependence of the normalized sheet resistance R(T )/R(300 K) of annealed AlO x films grown on Si and SiO 2 and over a wide range of initial sheet resistances. Shown is the average value of all measured samples at a given temperature and annealing time of 600 s. The inset of Fig. 4 contains the raw data as reference. When annealed below 200
• C, the sheet resistance of the AlO x thin films changes only by about 10 %, making this therefore fully compatible with conventional subsequent thin film patterning steps, i.e. the baking of lithographic resist. At 400
• C, the highest temperature that we have applied, we find a resistance reduction to about 22% of the initial value. Between 200
• C and 400
• C, the sheet resistance dependence with annealing temperature is found to be R(T )/R(300 K) ≈ 1.5 − 3.2 × 10 −3 T / • C. This dependence is common to all our samples, grown on Si or SiO 2 substrates, having R n below R n ∼ 20 kΩ. Above this R n value, a fraction of the samples showed an increase of the resistance by heat treatment. Normalized sheet resistance R(T )/R(300 K) of Al O x films versus the annealing temperature after an annealing time of 600 s. Shown is the average of individual films (inset) grown on Si and Si O 2 and having a wide range of initial sheet resistances.
The comparison of the atomic force microscope (AFM) images in Fig. 2 b) and c) indicates structural changes under annealing. The un-annealed sample in Fig. 2 b) does not show any signs of the intrinsic granularity of the AlO x films. On the contrary, the rms surface roughness parameter R q for most of the un-annealed samples is well below 0.5 nm and is independent of the used substrates, SiO 2 or Si. In comparison, thermal or sputter grown pure aluminium films usually show R q values of around 1 nm or larger, due to the much larger grain size. In the AFM scan of the annealed film in Fig. 2 c) individual grains are clearly visible. We measured grain sizes to be of approximately 22 nm in diameter and a rms surface roughness of 1.3 nm.
For thicker (500 nm) AlO x films we observed craters and bubbles in the AFM scans after annealing. We attribute this to oxygen diffusion out of the sample due to the heat treatment. The enhanced size of the Al grains may therefore be the reason for an increased electron mean free path and lowered sheet resistance. Concluding this section, we note a very low R n drift < 5 %, in general towards higher R n , at ambient storage temperatures measured over a periode longer than one year.
Microwave measurements

Experimental setup
We have measured the transmission of λ/2 and feedline coupled λ/4 coplanar waveguide (CPW) resonators made of grown AlO x films using a 3 He cryostat at T ≈ 300 mK and a cryogen free dilution refrigerator at T ≈ 20 mK. The measurement scheme was very similar for both setups and is sketched in Fig. 5 (right) . The microwave probe signal from a vector network analyzer (VNA) was attenuated at different temperature stages by -40 dB ( 3 He) and by -70 dB (dilution refrigerator). In both setups, after passing the sample, the signal is amplified by 25 dB by a cryogenic HEMT amplifier. In the dilution refrigerator, an additional isolator at sample temperature reduces the back action of the amplifier onto the sample. At room temperature, a secondary amplifier boosts the signal by 36 dB before it is fed into the VNA. The sample is enclosed in a copper EM-tight microwave sample box, connecting it to semi-rigid microwave cables via a 50 Ω matched low-loss PCB.
Resonator samples
The samples were prepared by the deposition of a 20 nm thick AlO x film having a sheet resistance R n = 0.5 kΩ (λ/2 resonator) and R n = 1.5 kΩ (λ/4 resonator) on an intrinsic Si substrate. The resist curing at 110
• C for 50 s and subsequent RIE etch did not change R n significantly. We measured a residual resistivity ratio (RRR) between room temperature and to 4.2 K to be of 1.3 for both films.
Measurements at microwave frequencies
To measure the internal quality factor
, we have designed and fabricated a set of λ/4 resonators with different couplings to a common feedline. Q is the total measured quality factor and Q l the loaded quality factor of the coupling capacitors. Figure 5 shows a typical resonance curve measured at 4.04 GHz frequency at -90 dB power level. For the designed coupling quality factor Q l ≈ 100 000, we measure internal quality factors ranging from 674 000 at intermediate to 126 000 at low (single photon) power levels, see Table 1 .
The measured Q i values show that our disordered AlO x films seem to have only very low internal dissipation. The losses are dominated by the usual dielectric losses seen in many recent CPW resonator measurements, e.g. [22] .
For determination of the kinetic inductance, we focus on the measurement of the λ/2 resonator. This resonator was measured twice, first without heat treatment, in a dilution refrigerator at 20 mK, and a second time after an annealing step at 250
• C for 10 min in the 3 He setup at about 300 mK. Figure 6 shows an overlaid comparison of the two measurements, solid blue is the initial spectrum and the red crosses are the data after the heat treatment. Several harmonic frequencies of the resonator are clearly visible, the fundamental mode of both curves is in the measurement suppressed by the lower cut-off frequency of the HEMT amplifiers. We find the base frequency by averaging the frequency spacing of the nth harmonic by f 0 = f n − f n−1 , see Table 2 for the obtained values. We measured the internal quality factor of the over-coupled (Q l ≈ 2000) resonator at the third harmonic frequency to be Q i ≈ 37 000 at 20 mK. After annealing, the sheet resistance was lowered from 497 Ω to 266 Ω, at room temperature. 
not annealed annealed Figure 6 . Comparison of the λ/2 CPW Al O x resonator spectra measured before (blue dots) and after (red crosses) heat treatment at 250
• C for 10 min. Several harmonic resonances (f n = nf 0 for the nth harmonic frequency) are visible in the measured frequency range. The fundamental mode f 0 of the un-annealed resonator (measured at T = 20 mK) is suppressed by the low frequency cut-off of the setup, but can be determined as f 0 = f n − f n−1 . Due to the annealing, the sheet resistance and therefore the kinetic inductance both drop and f 0 is increased from 0.78 GHz to 1.12 GHz by 340 MHz, see Table 2 for details. 
Discussion
From a general point of view, the thin film resonator is a quasi two dimensional structure since its thickness d = 20 nm is of the order of the effective coherence length ξ = √ ξ 0 l ≈ 10 − 20 nm. Here, ξ 0 ≈ 1.2 µm is the pure aluminium BCS coherence length approximated at T c = 1.6 K and l mfp ≈ 0.1 nm the mean free path. An estimate of the penetration depth λ L at T T c is given by 1.05 × 10
R n d/T c m [19] , for which we find λ L ≈ 2.2 µm (un-annealed) and λ L ≈ 1.6 µm (annealed). Therefore λ L is much larger than the film thickness and also the perpendicular penetration depth λ perp = λ 2 L /d is much larger than the center conductor width.
Our AlO x resonators were fabricated on intrinsic silicon ( r = 11.7), therefore eff is 6.3 [20] . With w = 10 µm and s = 6 µm, see Fig. 5 , L m and C are evaluated to be 438 nH m −1 and 160 pF m −1 , respectively. Using relation (2), we find a base resonance frequency of 6.7 GHz for the resonator with the length 8.96 mm, neglecting the kinetic inductance for a moment. This is reasonably close to our detailed high frequency EM finite element simulation data ‡, which in addition includes also the geometrical details of the coupling capacitors. The EM solver calculates f 0 = 6.9 GHz as the base resonance frequency, thus the influence of the coupling capacitor contributes to about 3 % in f 0 and is neglected in the further discussion.
If a kinetic sheet inductance derived from R n and Eq. (1) is included in the EM-simulation, we obtain base frequencies of 745 MHz (un-annealed) and 1.01 GHz (annealed), see Fig. 7 for a spectrum from 0 to 6 GHz of the simulated S21 transmission. In the EM-simulation, the center conductor and ground planes are treated as ideal conductors with the chosen material inductance to be the equivalent to the kinetic inductance corresponding to R n , with no further "superconducting" effects included. The calculation grid was set to 2 µm. Compared with the measured base frequencies the agreement is, likely due to the large λ L , rather good, the EM-solver result overestimates the influence of the additional inductance by around 6 % (un-annealed) and 10 % (annealed).
In the analytic calculation, the high frequency pre-factor to the kinetic inductance α = g kin w contains the details of the current distribution over the resonator cross section, which, in principle, also depends on the material's inductance. Instead of investigating the details of the current distribution in the center conductor cross section or temperature dependent measurements of λ L , as treated e.g. in Ref. [23] , we obtain α as a free parameter from the measured base frequency f 0 and R n . With Eq. (1) and
, we find α = 0.96 (un-annealed) and α = 0.86 (annealed). Using the same method for comparison, we find from the EM-simulation data a constant value of α = 1.06 for both R n values.
It is interesting to note, that due to the large total inductance L = 1/(2f 0 l) 2 C = 32.0 µH (un-annealed) and L = 15.5 µH (annealed), we find a characteristic resonator impedance Z 0 = L/C = 1/(2f 0 l) 2 C 2 = 447 Ω (un-annealed) and Z 0 = 311 Ω (annealed). These high resonator impedance values may be an interesting property for microwave kinetic inductance detectors (MKID), because it can be easily matched e.g. to the vacuum impedance Z 0,vac = µ 0 / 0 = 377 Ω [24] .
While it is possible to estimate the base frequency of a high kinetic inductance resonator by an EM-simulation, as we have shown above, we want to point out a less numerically intensive way of estimating a frequency shift by using Eq. can be written using relation (2)
For resonators with a high kinetic inductance like ours, L m g kin L kin , Eq. (3) simplifies with Eq. (1) to
The T c , f and R n values are measured independently. In our case, T c = 1.6 K was measured to be the same for both resonator measurements. For the g kin change g kin = k g kin due to thermal annealing we find with k = (f 0 /f 0 ) 2 R n /R n a value of k = 0.9. We can therefore simplify Eq. (4) within an error margin of about 5 % to f 0 /f 0 ≈ R n /R n . This result is of practical importance, because it allows to estimate a tuned resonator base frequency by a simple sheet resistance measurement after thermal annealing.
Conclusion
In this paper, we show that by adding oxygen impurities to aluminium thin films, a material with a widely tunable kinetic inductance at moderate film thicknesses can be fabricated. With a controlled DC magnetron sputter growth process, we found conditions where targeted sheet resistances in a 0.1 − 10 kΩ range are reproducibly obtained. As an option for lowering the sheet resistance, the AlO x films can be annealed at moderate temperatures, R n drops to about 1/5 after heat treatment at 400
• C for a wide range of R n . Measurements of the microwave properties of λ/2 and λ/4 resonators confirm our high kinetic inductance estimates. Moreover, our microwave data demonstrate the potential of AlO x to serve as a low-loss and high Q resonator material e.g. for microwave kinetic inductance detectors or compact resonators.
